A viscoelastic nanoindentation technique was developed to measure both in-plane and through-thickness viscoelastic properties of human tympanic membrane (TM). For measurement of in-plane
Introduction
The human middle ear, including tympanic membrane ͑TM͒, three ossicular bones ͑malleus, incus, and stapes͒, suspensory ligaments, and muscle tendon transfers the sound from the external ear canal to cochlea. The TM initiates this acoustic-mechanical transmission by converting the acoustic wave into vibrations of the middle ear ossicular bones ͓1͔. The changes in structure and mechanical properties of the TM due to middle ear diseases, such as the TM retraction, middle ear infection, otitis media with effusion, and perforation of the TM, can deteriorate sound transmission and cause conductive hearing loss ͓2͔.
The human TM is a tissue membrane composed of multilayer collagen fibers embedded between soft tissue layers ͑epidermal and mucosal͒. Understanding its mechanical behavior is necessary for understanding of sound transmission in ear. Efforts have been made to measure the mechanical properties of the TM. von Békésy ͓3͔ reported Young's modulus of 20 MPa through bending tests on human cadaver TM. At almost the same time, Kirikae ͓4͔ used longitudinal dynamic tensile tests on a human TM and determined Young's modulus to be 40 MPa. Decraemer et al. ͓5͔ performed uniaxial tensile tests on human TM and documented Young's modulus of 23 MPa at relatively high strain. These data are often quoted in literature and used in modeling sound transmission. On the response of eardrum under pressures, von Unge et al. ͓6͔ utilized Moiré interferometry to measure real-time displacements. TM is a soft tissue exhibiting viscoelastic behavior. To date, however, the study on viscoelastic properties is sparse. Because of the viscoelastic nature of a human TM, elastic properties of a TM can be considered as the first-order approximation of its time-dependent behavior. Need exists to measure the viscoelastic properties of TM for use in simulation to understand the acoustic transmission in human ears. The TM collagen fibers are oriented in both radial and circumferential directions ͓7͔, so that the viscoelastic properties in the through-thickness direction can be different from those in the in-plane direction. Consequently, the properties of TM need to be characterized in both throughthickness and in-plane directions.
A human TM is typically ϳ70 m in thickness and ϳ7-8 mm in diameter ͓8͔. Figure 1 shows both posterior and anterior portions of a typical right ear TM. The nanoindentation technique has been used as an effective tool for measurements of properties of small volume of materials ͓9,10͔, and thus can be used to measure TM properties. Nanoindentation has long been used to measure elastic-plastic properties ͓11͔ for materials without timedependent behavior. In recent years, inverse problem solving approach ͓12͔ has been developed to determine properties at microscale and methods have also been developed to measure viscoelastic properties. Cheng et al. ͓13͔ developed a method to measure relaxation modulus represented by a three-element viscoelastic model using a flat punch indenter. Lu et al. ͓14͔ developed methods for measurements of creep compliance in time domain using either a Berkovich or a spherical indenter. Huang et al. ͓15͔ developed a method to measure complex modulus in frequency domain using a spherical indenter, and Huang and Lu ͓16͔ developed a method to measure two independent viscoelastic functions using both Berkovich and spherical indenters, and a method to measure relaxation function ͓17͔.
A human TM can be considered similar to a multilayer composite film. Nanoindentation technique has been applied successfully to measure the homogenized viscoelastic properties of multilayer nanocomposite films ͓18͔. In this paper, methods are presented to measure Young's relaxation modulus of human cadaver TM sample in both through-thickness ͑out-of-plane͒ and in-plane directions. The relaxation modulus in the throughthickness direction is determined using the method developed by Lu et al. ͓14͔ . The in-plane relaxation modulus is determined numerically using an inverse problem solving methodology with the use of finite element method ͑FEM͒ by correlating the numerical load-displacement results with the nanoindentation experimental data.
Nanoindentation Measurements
An MTS Nano Indenter XP was used in nanoindentation for human TM samples. This particular nanoindenter used had a resolution of 0.2 nm in displacement and 50 nN in load. A spherical indenter tip with radius of 10 m was used in all nanoindentation tests.
The TM samples were harvested from fresh and frozen human temporal bones ͑cadaver ears͒ through the Willed Body Program at the University of Oklahoma Health Sciences Center. All the measurements were performed within 6 days after obtaining the bones during which they were stored at a temperature of −40°C. The tympanic annulus of the TM sample obtained was separated from the bony ear canal with malleus attached to the TM.
Before sectioning the TM, it was defrosted for about 20 min. The TM was sectioned into small portions using a surgical knife and used for nanoindentation. The TM sample ͑portion͒ was stretched once as a part of preconditioning during flattening before mounting it on the fixture. During this process, no visible shrinkage of the TM sample was observed. It is anticipated that this process should not affect much the collagen fiber network inside the TM sample. The TM sample was mounted on an aluminum substrate with the medial side facing down and in contact with the substrate. In all the cases, the nanoindentation was made on the lateral side, which is the smoother side of a TM. In physiological environment, the TM is in wet condition. In actual experiments, we tried to keep the TM in wet condition except in limited cases where samples were tested in dry condition for purpose of comparing results under wet and dry conditions. For TM to remain in wet condition, the outer ring of the sample was kept in contact with the saline solution ͑NaCl concentration of 0.9%, pH 5.6͒ placed in a circular groove around the TM sample. With this setup, the TM can be considered to remain in wet condition since the TM would seep in the saline from the periphery. It should be noted that in this setup, we did not consider measuring, nor did we try to maintain the amount of moisture content precisely. We tried to make sure that the TM sample remained in wet condition and avoided any dry condition ͑resulting into flakiness, which eventually implies destructed TM sample͒ throughout the experiment with each nanoindentation test ͑consisting of loading, unloading, and drift correction segments͒ lasting for ϳ5 min. Figure 2͑a͒ shows a schematic diagram for sample mounting for nanoindentation in the through-thickness direction. The bottom of the TM sample ͑medial side͒ was in full contact with the substrate. Figure 2͑b͒ shows a schematic of the sample mounting to determine the in-plane viscoelastic properties. In this latter case, the sample was mounted on an orifice with a diameter of 1.32 mm, and was clamped at the perimeter of the orifice using medium-viscosity epoxy. In these procedures, mounting of TM sample involved placing the portion of the sample, using forceps, on the orifice ͑for the case of in-plane testing in which a thin layer of epoxy glue was used͒ or substrate ͑out-of-plane case, no epoxy glue was used͒ after which they were not disturbed and hence the prestress can be considered to be very small and can be neglected. It should be noted that we did not make an attempt to quantify the amount of prestress, which can be a very difficult task for a small sample in such setup.
To measure the in-plane properties, we first validated the technique through control tests on a polyethylene film. Validation results obtained by comparing Young's relaxation modulus measured using nanoindentation test and tensile relaxation test are presented in the Results and Discussions section.
Analysis Procedures
Measurement of Young's Relaxation Modulus in the Through-Thickness Direction. For the measurements of out-ofplane E͑t͒, equation given by Lu et al. ͓14͔
was used to fit the load-displacement curves for TM samples.
Even though an entire load-displacement loading curve is shown as prescribed in the experiments, for out-of-plane analysis, the load-displacement data were restricted to a maximum depth of 4-5 m. The use of fitting method to determine E͑t͒ can reduce the error caused by scattering of experimental load-displacement data ͓14͔. In Eq. ͑1͒, P͑t͒ is the nanoindentation load history and P͑t͒ = Ṗ 0 tH͑t͒, with Ṗ 0 being a constant loading rate and H͑t͒ the Heaviside step function, R is the nanoindenter tip radius, h͑t͒ is the indentation displacement as a function of time t, and J͑t͒ and are the shear creep compliance and Poisson's ratio, respectively. J͑t͒ is represented by a Prony series as follows:
where J 0 , J i are shear creep constants, and i retardation times. The fitting was conducted by minimizing the least squares correlation coefficient between analytical nanoindentation loaddisplacement results and measurement data. This procedure leads to the best-fit parameters, J 0 , J i , i ͑in Eq. ͑2͒͒, which were then used to calculate the creep compliance. For TM analysis, the relaxation modulus is often needed and it can be solved from
where Poisson's ratio was assumed as a constant in this work. We used the creep compliance data to solve for E͑t͒.
Inverse Problem Solving Methodology for Determining InPlane Tympanic Membrane Relaxation Modulus Using Finite
Element Method. For measurements of in-plane viscoelastic properties of the TM, the configuration as shown in Fig. 2͑b͒ was used. The force was applied using a nanoindenter tip at the center of the TM sample. FEM was used to model the same nanoindentation problem. An inverse problem was solved to determine the viscoelastic parameters. The procedure for this approach is described herein.
FEM analysis was first conducted to simulate the nanoindentation for a TM sample clamped on a circular orifice with the use of initial guessed values of material parameters. Next, the loaddisplacement results from simulation were compared with the experimental data. The material parameters were adjusted until an agreement was reached between experimental and numerical data. An iterative procedure was carried out to minimize the least squares correlation coefficient between the experimental and simulated curves. The best-fit parameters were then used to determine Young's relaxation modulus of the TM.
The shear relaxation modulus is given by the generalized Maxwell model
where ϱ is the long-term or steady-state shear relaxation modulus, i shear relaxation numbers, i relaxation times, and N the number of terms in the Prony series. The bulk relaxation modulus function can be computed using
under condition of constant Poisson's ratio . After ͑t͒ was determined from FEM analysis, the uniaxial relaxation modulus E͑t͒ can be obtained using
It should be noted that in the nanoindentation, there would be penetration of the indenter tip into the sample surface due to the small spherical indenter tip used and the out-of-plane compliance of the TM sample. In simulation of deformation of the thin circular plate under central indentation, the ratio of the radius to the thickness is more than 10. The viscoelastic simulation on such a problem is time consuming. Each viscoelastic simulation would take more than 20 h to run. This makes the method of adjusting the parameters to allow simulated load-displacement curve to match the experimental data very time consuming, especially considering that fitting had to be conducted for each of the nanoindentation tests conducted. To improve efficiency without much loss in accuracy, we took a semiempirical approach. We first modeled this nanoindentation problem using both solid and shell elements. The use of solid elements has taken into consideration the penetration, and the use of shell elements does not take into account the penetration into sample surface by the indenter tip. In the simulations, the TM was assumed to be linear elastic, isotropic, and homogeneous with the use of its long-term Young's relaxation modulus. FEM analysis indicated that 83-88% of the total indentation displacement was due to in-plane stress. The remaining 12-17% of the indentation displacement was due to penetration of the indenter tip into the TM sample. If shell elements ͑carrying both membrane and bending stresses, but without considering indenter tip penetration͒ are used to find the indentation load-displacement curve that agrees with measurements, all the indentation displacement is considered to be induced by in-plane deformations of the TM. Thus, this analysis has overestimated the displacement induced by in-plane deformation, and will therefore underestimate the in-plane stiffness. To account for the penetration of the indenter tip into the TM sample, we have to subtract the displacement induced by penetration of the indenter tip into the surface from the total indentation displacement to find the indentation displacement induced by in-plane deformations ͑due to membrane and bending stresses͒. This led to approximately a ratio E solid / E shell = 1.2 for the modulus data determined from FEM using solid elements ͑E solid ͒ and shell elements ͑E shell ͒. In the analysis, we initially used shell elements to determine Young's relaxation modulus, which gave us the resulting modulus on the lower side due to the negligence of the penetration of indenter tip into the sample surface. We then corrected the value, as determined from the in-plane FEM analysis results using shell elements, by multiplying a factor of 1.2 to obtain the actual in-plane relaxation modulus that would be more appropriate representation of the behavior after considering both indenter tip penetration and in-plane deformations.
Results and Discussions
Control Tests on Polyethylene Film. To validate the method for measurements of in-plane properties using finite element analysis, control tests consisting of in-plane nanoindentation tests and uniaxial relaxation tests using an Instron 4202 screw-driven material test system were performed. A polyethylene film with a thickness of 64 m was used in the control tests. In the nanoindentation for the measurements of in-plane properties, the same procedure of sample mounting used for TM was used for the polyethylene film except for the saline solution, which was not used to allow testing of polyethylene film in dry condition for direct comparison with tensile relaxation data from Instron machine. All nanoindentation and uniaxial relaxation tests were conducted at room temperature ͑23°C͒. The displacement and load data were recorded at a rate of five data points per second.
A polyethylene film sample of 64 m thick was mounted on a circular hole with a diameter of 1.32 mm. Force was applied by the spherical nanoindenter tip with 10 m radius at the center of the circular film and nanoindentation load versus displacement was measured.
Finite element analysis using ABAQUS/Standard code ͑Hibbitt, Karlsson & Sorensen, Inc.͒ was conducted on the circular polyethylene film subjected to a central concentrated force. The FEM model consisted of 4275 shell elements. Analysis was carried out using small strain assumption. In this case, the thickness to diameter ratio of the sample for the in-plane setup was ϳ0.05, so that the TM sample was approximated as thin plate. The loading rate Ṗ 0 = 0.00883 mN/ s, same as used in nanoindentation measurements, was applied. The load-displacement curves determined from FEM simulation are shown in Fig. 3͑a͒ . By solving an inverse problem using FEM, the best-fit parameters were determined. Equations ͑4͒ and ͑6͒ led to the determination of E͑t͒ of polyethylene film in the form of E͑t͒ = 160.8 + 46.55e −t/16 + 4.23e −t/100 MPa ͑7͒
The uniaxial relaxation modulus of polyethylene film was also measured from tensile relaxation tests using the Instron machine. The relaxation modulus E͑t͒ from both nanoindentation and relaxation tests is shown in Fig. 3͑b͒ . Figure 3͑b͒ indicates that the uniaxial relaxation functions E͑t͒ measured from both tensile relaxation tests and FEM analysis using nanoindentation are in a reasonably good agreement. The maximum difference in measurements of steady value of E͑t͒ is ϳ11% between relaxation test and nanoindentation measurements assisted with FEM analysis. The method presented is therefore validated for the measurements of in-plane viscoelastic properties of a film.
Relaxation Modulus of Tympanic Membrane in the
Through-Thickness Direction. Nanoindentation tests for the measurements of through-thickness properties were conducted on two posterior samples and two anterior samples. The samples were harvested from both right and left ears ͑female, age 50͒, and a left ear ͑female, age 63͒. In all nanoindentation tests, a constant rate loading history was used. After the load had reached a peak value, the load was reduced at the same constant rate until it reached zero. A spherical indenter tip ͑radius R =10 m͒ was used. Figure 4 shows the load-displacement curves for posterior and anterior TM samples. Each curve shown is the average of at least three measurements at different locations on the TM sample. The portion of load-displacement curve used for analysis using fitting procedure was restricted to 4 -5 m.
In order to conveniently represent E͑t͒, the generalized Maxwell model was used to fit into the discrete data of E͑t͒ solved using Eq. ͑3͒. Thus, we arrived at the values of representative Young's relaxation modulus for the posterior TM as E͑t͒ = 6.8 + 7.6e −t + 3.9e −0.1t + 0.7e −0.01t MPa ͑8͒
and for the anterior TM as E͑t͒ = 6.2 + 62.3e −t + 3.4e −0.1t + 3.6e −0.01t MPa ͑9͒
The relaxation functions for both anterior and posterior TM samples are plotted as shown in Fig. 5 , with the error bars indicating the upper and lower limits for the calculated relaxation modulus determined from the measured load-displacement data.
From the results presented in Fig. 5 , the relaxation moduli in the steady state for anterior and posterior samples are 6.8 MPa and 6.2 MPa, respectively, and the values of E͑t͒ at a short time, e.g., t = 5 s, are 12.1 MPa and 10.0 MPa, respectively. This indicates that the relaxation modulus functions in the throughthickness direction for both posterior and anterior TM samples change with time, but are close to each other.
In normal physiological conditions, the TM tissue can be considered to be in the rubbery state ͑i.e., at a temperature much higher than its glass transition temperature͒. Consequently, Poisson's ratio can be considered to be 0.5. However, during FEM analysis, the numerical code gave instability issues for Poisson's ratio of 0.5 ͑since this would indicate infinite bulk modulus͒. To circumvent this problem in all our data analysis, = 0.48 was used. Additionally, the deformations in nanoindentation experiments were assumed to be within linearly viscoelastic regime.
Measurements of In-Plane Relaxation Modulus
Using Combined Nanoindentation and Finite Element Method. Nanoindentation tests were conducted on circular anterior and posterior TM samples subjected to a central force applied using a spherical indenter tip. Figure 6 shows the load-displacement curves ob- tained on posterior and anterior samples along with error bars. The curves are representative for the tests carried on three anterior and three posterior samples. The error bars on the load-displacement curves represent the limits ͑upper and lower values͒ of load obtained for the above mentioned sample set. From Fig. 6 , it appears that the load-displacement curves are nearly linear during the loading stage. However, a detailed observation shows that the slope changes with displacement. The divergence from linear load-displacement relation was caused by the viscoelastic behavior of the TM. Further, FEM was used to simulate nanoindentation on the TM sample. The FEM model for the TM sample consisted of 4275 shell elements that can model both membrane and bending stresses. The loading rate Ṗ 0 = 0.00251 mN/ s was used in simulation. For viscoelastic properties described by Eq. ͑4͒, N = 2 was used in the Prony series. ϱ , i were optimized by comparing the simulation results with the measured nanoindentation experimental data and the procedure was iterated until the best correlation was reached between the two sets of loaddisplacement curves. Figure 7͑a͒ shows the results of correlations between load-displacement curves from FEM analysis and nanoindentation measurements, for anterior and posterior TM samples. The cross-correlation coefficients for the posterior and anterior TMs were 0.9994 and 0.9991, respectively, indicating a good agreement between simulation and measurement data. Finally, using Eq. ͑6͒, we obtained the representative in-plane relaxation moduli as Fig. 7͑b͒ . The error bars indicate variation in the value of relaxation modulus for variation observed in the load-displacement data as determined in nanoindentation measurements. As shown in Fig. 7͑b͒ , the relaxation behavior of posterior TM and anterior TM is pronounced, espe- We have conducted also nanoindentation tests on TM samples in dry ͑in which the TM sample was not in contact with saline water͒ conditions using both out-of-plane ͑Fig. 8͑a͒͒ and in-plane setups ͑Fig. 8͑b͒͒ except that saline was not used in the circular groove. Under dry condition in the steady state, the throughthickness moduli were ϳ176.7 MPa and ϳ190.6 MPa for dry posterior and anterior TM samples, respectively. The steady-state in-plane modulus for a dry anterior TM sample was ϳ103.0 MPa. Comparing these results with the data for wet TM samples shows that the effect of moisture on the mechanical properties of TM is prominent.
For testing in wet conditions, the TM sample was mounted on an aluminum substrate with medial side facing down and the periphery was in contact with saline water so that bottom side of the sample is kept wet. Nanoindentation was made on the lateral side, which is the smooth side of a TM. Although no specific methods were used to quantify the amount of moisture in the TM, with this setup, the TM can be considered to remain in wet condition since the TM would seep in the water from the periphery.
Furthermore, it should be noted that the relaxation functions were obtained based on the analysis of a homogeneous, isotropic, linearly viscoelastic contact mechanics problem. The human TM, however, is made of a viscoelastic composite so that it is neither homogeneous nor isotropic. Nevertheless, the nanoindentation in the through-thickness direction invokes primarily the behavior of the material in the thickness direction so that the relaxation modulus in the through-thickness direction is representative. For nanoindentation on the TM clamped at the edge of a circular hole, nanoindentation displacement in the TM is induced primarily by in-plane deformation of the entire TM portion suspended over the hole. In this case, the in-plane viscoelastic properties would play a dominant role in the nanoindentation load-displacement relation. Additionally, the in-plane results would be in general representation of the average behavior over a relatively larger TM portion ͑compared with out-of-plane test͒. As a first-order approximation, the TM could be considered as a transversely isotropic material with the material properties identical in all in-plane directions of a TM sample. Also, considering the fact that under the nanoindenter tip ͑with a radius of 10 m͒ the indent impression would have a dimension on the order of 10 m, there would be many collagen fibers within the indent impression and thus the homogeneous approximation can be used.
Conclusions
Methods using instrumented nanoindentation are presented to measure both the in-plane and through-thickness viscoelastic properties of human TM. For the measurement of the throughthickness properties, a spherical indenter tip indents into a salinesoaked TM sample placed on a flat substrate during the entire testing. A method developed for measurement of linearly viscoelastic materials ͑which uses theoretical solution for nanoindentation͒ was used to determine the average through-thickness properties. Young's relaxation moduli at time 5 s are ϳ12.1 MPa and ϳ10 MPa, and the steady-state values are ϳ6.8 MPa and ϳ6.2 MPa for posterior and anterior TM samples, respectively. The through-thickness modulus data for both posterior and anterior are very close to each other. For measurements of the in-plane viscoelastic properties, a TM sample was fixed at a circular orifice while a central concentrated force was applied by a spherical indenter tip with 10 m tip radius. The nanoindentation data in this case were analyzed using finite element analysis for a viscoelastic material. Measurement results indicate that two exponential terms in the Prony series are sufficient to describe the viscoelastic behavior. The steady values of in-plane Young's relaxation moduli were determined to be ϳ17.4 MPa and ϳ19.0 MPa for the posterior and anterior TM samples, respectively and are comparable to the value determined by von Békésy ͓3͔. Overall, the method has potential for use to determine the local viscoelastic properties of TM in the out-of-plane directions and the in-plane viscoelastic properties of different quadrants of the TM, as well as to determine the viscoelastic properties of tissues and bones in other parts of a human ear. Transactions of the ASME
